We determined the anatomical geometry and thicknesses distribution of the triceps surae aponeuroses from anatomical observation of a human cadaver. Geometry of the aponeuroses was examined by two dimensional photoanalysis. The thicknesses of slices dissected from various regions of the aponeuroses were measured with digital microscope. The results of quanti ed geometry and thickness of the aponeuroses suggest that the portions frequently experiencing large forces, such as the aponeuroses at the insertion of the posterior soleus and origin of anterior soleus, possess thicker tissues. This quantitative information may contribute to biomechanical simulation and modeling to reveal the function of the muscle-aponeurosis-tendon complex, and development of realistic simulation models would facilitate surgical and treatment design.
Introduction
Recent studies have demonstrated the importance of aponeuroses in human movements. Due to their visco-elastic properties, aponeuroses contribute to power enhancement by elastic energy reuse in locomotion [1] and to postural control [2] .
In addition, the force production properties of muscle bers in a muscle-tendon complex are also considerably in uenced by the aponeuroses [3] . Partial deformation of aponeuroses due to mechanical stresses can restrict length changes in connecting muscle bers. Also, force transmission from a contracting muscle to neighbor muscles via aponeuroses is compromised after aponeurotomy [4] .
Several studies using nite element simulation of the muscle-tendon complex have explored the function of the aponeurosis using simple models of aponeurosis having uniform thickness throughout the entire length [5, 6] . With aponeuroses, the strain distribution of fascicles (bundle of muscle bers) during contraction was almost uniform; without aponeuroses, the strain distribution was heterogeneous [5] . Moreover, the same research group revealed substantial effect of aponeurosis thickness on tissue deformation within muscle [6] . These previous results indicate that the general morphology of aponeurosis appears to play an important role in whole muscle force production by affecting the force-length-velocity relation [7] [8] [9] of individual muscle ber physiology during contraction.
However, the thickness distribution of aponeurosis has not been considered in previous simulation studies and not reported experimentally. The anatomical geometry and thickness distribution of aponeuroses could alter their mechanical behaviors, possibly having great impact on fascicle length change, force generated and elastic energy reuse. The lack of information on the morphology of aponeuroses of human muscles, especially the actual anatomical geometry and thickness, is a limiting factor in generating detailed simulations and mathematical models on the function of human muscle-tendon structures. Development of more realistic models for biomechanical simulation would facilitate surgical and treatment design as well as biomechanical simulation.
The triceps surae with short muscle fascicles and long Achilles aponeurosis-tendon is considered to be one of the most important muscles in human movement, acting as a power amplier [1] and a postural controller [2] due to their visco-elastic properties. The spatial resolution of basic medical imaging systems for living humans (e.g. MRI) is generally not enough to determine the thickness of membrane-like tissues. Thus, in this work, we directly measured the anatomical arrangement and cross-sectional thickness of aponeuroses in the triceps surae from a human cadaver. Here, we present preliminary results that should contribute to the biomechanical understanding of muscle-tendon interaction.
Materials and Methods
One leg of an elderly male cadaver was dissected, and the anatomical geometry and thicknesses of the aponeuroses in 10 regions of the triceps surae were observed. The cadaver was donated for the purpose of gross anatomy education. The protocol was approved by the Osaka University Ethics committee.
After a mid-line super cial incision of the calf, underlying subcutaneous tissue and fascia were removed to expose the triceps surae. The muscles were carefully dissected from the proximal and distal attachment sites, ensuring that the aponeuroses were not damaged. The muscle bellies of the gastrocnemius and soleus were separated with their aponeuroses.
The geometry of the aponeuroses was examined by two-dimensional photoanalysis from both the anterior and posterior sides. For geometry determination, the division between muscle and aponeuroses was identi ed automatically by color difference of the tissues using an image editor (Adobe Photo shop CS4, Adobe, USA). The software was set at auto area selection function with a re ning-edge setting (default setting was used except for 10 pixel radius, 50 smoothing). For each photograph, the software-de ned areas of both muscle and aponeurosis were carefully checked by two different researchers, comparing with the original sample to ensure measurement accuracy.
Next, the thicknesses of the anterior and posterior aponeuroses were measured. The slices (approximate 10 mm × 10 mm) were dissected from the aponeuroses as shown in Fig. 1 , followed by removal of fat from the separated tissues. Each slice was then separated into 8 pieces at regular intervals from the proximal to distal end. Each piece was secured with forceps, and placed on a microscope slide without exerting external tension. The thickness of the aponeurosis tissue was determined by digital microscope (VHX-2000, Keyence, Japan) under 100-to 1000-fold magni cation with a calibrator. Values are presented as mean ± one standard deviation. One way analysis of variance and Tukey s post hoc comparison was carried out to analyze the partial thickness differences. Signi cance was accepted at p < 0.05.
Results
The geometry of the aponeuroses is demonstrated in Fig. 2 and Fig. 3 . Proximally, the medial and lateral heads of the gastrocnemius each had a super cial (posterior side) aponeurosis. Distally, both heads shared a deep (anterior side) common aponeurosis that merged into the calcaneal tendon. The super cial aponeurosis gradually became thinner from the bony origin to the transition into muscle. The thickness of the distal portion of the super cial aponeurosis could not be measured because of the dif culty to Fig. 1 The locations of the dissected slices from each aponeurosis (a-d), and a typical microscopic image of an aponeurosis sample for measurement of thickness (e). Toshiaki ODA, et al: Geometry and Thickness of Human Aponeuroses (13) dissect the aponeurosis from the muscle in this transitional region.
A super cial aponeurosis of the soleus emerged from most of the muscle belly to merge into the calcaneal tendon. The deep aponeuroses were composed of two aponeuroses. In both muscles, fascicles ran between super cial and deep aponeuroses. Table 1 shows the aponeurosis thicknesses at the measured locations. The mean thickness of the aponeuroses was 558.4 ± 156.5 μm. In the anterior gastrocnemius, the thickness in the middle location was 83% compared with that in the distal location. In the soleus, the aponeurosis thickness varied from the proximal to the distal location. In the posterior aponeurosis, the thicknesses in the proximal and middle locations were 48% and 77%, respectively, of that in the distal location. An opposite tendency was observed in the anterior soleus aponeurosis. The thicknesses in the proximal and middle locations were 236% and 140%, respectively, of that in the distal location.
Discussion
This work has revealed the geometry and thickness distribution of aponeuroses in the triceps surae from one human cadaver. From our ongoing preliminary observations, it is clear that minor individual differences exist with respect to both geometry and thickness of aponeurosis (for example, the shape of the gap between the deep gastrocnemius and super cial soleus aponeuroses). Although a larger sample size would be bene cial, these initial ndings are a useful rst step by providing new input to improve simulation and mathematical modeling of the muscle-tendon complex.
Both the gastrocnemius and soleus possess anterior and posterior aponeuroses, but with different morphologies. Since the aponeuroses provide the structural basis of fascicle orientation, differences between the gastrocnemius and soleus aponeuroses indicate functional differences of muscle bers between the two muscles. This study adds to previous research [9] on the importance of the geometry of aponeuroses when evaluating muscle-tendon function.
The results of thickness distribution (Fig. 3c) suggest that the locations frequently experiencing large forces are the aponeurosis-bone (such as the origin of the anterior aponeurosis of soleus) and aponeurosis-tendon (such as the insertion of posterior aponeurosis of soleus) junctions. Large stresses tend to concentrate at the boundary between soft and hard tissues. Thus, the locations with thicker aponeurosis indicate transitional regions subjected to large forces, and adequate thickness is needed to prevent tissue damage.
The main functions of aponeuroses and tendon summarized by Iwanuma et al. [10] are (1) to transmit contractile forces to bones, (2) to store and release elastic energy, (3) to act as a mechanical buffer against sudden impulse to the muscle-tendon unit, and (4) to modulate through their compliance the length-force relationship of muscle bers. Our results have led us to hypothesize that thickness heterogeneity in aponeuroses may be important with respect to transmission of contractile forces and regulation of elastic energy. This is achieved by creating differential proximal and distal tissue conditions. In stretch-shortening cycle movements such as running (especially in the stance phase), the thicker tissue near the bone or the tendon-aponeurosis junction transmits muscle force effectively through the muscle, aponeuroses and tendon. The thinner tissues located away from the highforce boundaries are stretched by fascicle shortening during the stance phase, and then shortened by releasing the stored elastic energy at toe off phase. Therefore the aponeurosis can transmit not only force but also displacement. As a result, power (the product of force and displacement) can be ef ciently transmitted from fascicles to calcaneal tendon via the aponeuroses. Kinugasa et al. [11] and Shin et al. [12] reported non-uniform strain of aponeurosis and fascicles in the medial gastrocnemius when examined by phase contrast MR imaging during contractions. Deformations of the medial gastrocnemius aponeuroses [11] appear to support our hypothesis. The hypothesis that aponeuroses within a muscle may have functionally different roles according to movement phases will require further study.
The differences in thickness distribution and geometry of aponeuroses, differences in arrangement and length distribution of fascicles, and their interactions may result in the non-uniform behavior of aponeuroses and fascicles. Strain injury in skeletal muscle has been thought to occur when regions of fascicles experience local strains above a certain threshold [13] . To prevent these types of injury, a more thorough understanding of these interactions is needed. 
